Purpose To explore whether retinal acidification independently regulates the production of vascular endothelial growth factor (VEGF) and pigment epitheliumderived factor (PEDF) and whether the regulation is related to oxidative stress. Methods After culture of rat retinas in the medium with normal pH (7.2) or acidic pH (6.8 or 6.5), or followed by pH reversion back to the normal, or meanwhile with the presence of antioxidants, VEGF and PEDF mRNA and protein were determined by quantitative realtime reverse transcription-ploymerase chain reaction and western blot. Results Retinal acidification significantly increased the expression of VEGF and PEDF mRNA and protein. pH reversion recovered VEGF and PEDF mRNA and reduced VEGF and PEDF protein induced by acidification. Acidification-increased VEGF was completely inhibited in the retinas of pH 6.8, and largely reduced in the retinas of pH 6.5 by antioxidants. Antioxidants further increased PEDF mRNA and protein induced by retinal acidification. Conclusions VEGF can be induced by retinal acidification alone, which may be regulated through oxidative stress, among other factors. The fact that increased PEDF under retinal acidification is promoted by antioxidants suggests that oxidative stress inhibits the production of PEDF.
Introduction
The mammalian retina has an extraordinary high rate of aerobic glycolysis, that is the production of lactic acid, under the normal condition of oxygen and glucose availability. It must have the mechanisms of neutralizing or clearing the high production of H þ to maintain the acid-base balance. In altered metabolic states (eg hypoxia, hyperglycemia), H þ accumulates because of the elevated glycolysis and failure of retinal circulation, thus the retina is readily acidified. 1, 2 Studies showed that retinal arterial occlusion or acute high intraocular pressure injury lead to retinal acidosis in cats or rabbits. 3, 4 Retinal acidification was also present in the conditions of hyperglycemia and diabetes in cats. 5 Hypoxia and hyperglycemia are the most common states, which incur the retinal neovascularization. The exact mechanism is still unknown; however, the role of tissue acidosis has not been considered enough. In tumour pathogenesis, recently, a hypothesis of acid-mediated tumour invasion has been proposed, evidenced by the increased glucose uptake and tissue acidification in the tumours compared with normal tissue. The tissue acidosis resulting from elevated glycolysis promoted angiogenesis through the release of vascular endothelial growth factor (VEGF) and interleukin-8. 6 In addition, the preretinal neovascularization of neonatal rat, usually produced by exposure to constant hyperoxia followed by normoxia, thus caused relative hypoxia, was reported to be induced by making systemic acidosis alone, [7] [8] [9] which confirms the independent factor for acidosis in the development of angiogenesis. The mechanism of induction of preretinal neovascularization by acidosis was related to VEGF. Acidic extracellular pH has been shown to induce VEGF transcription and expression in various types of tumour cells and endothelial cells. [10] [11] [12] However, some found that decreased pH inhibited VEGF expression in rat C6 glioma cells, retinal Mü ller cells, 13 and osteoblasts. 14 The various pH levels and exposure times, and perhaps the different responses of various cells to pH alteration may make the difference. Pigment epithelium-derived factor (PEDF) is a potent angiogenic inhibitor. Until now, the relation of tissue acidosis to PEDF has not been studied. In this study, we used the retinal explants to investigate the effects of retinal acidification per se on the production of VEGF and PEDF. pH levels are not uniform throughout the normal retina. The lowest is in the proximal portion of outer retina (pH 7.25), and it increases towards choroid (pH 7.40) and vitreous (pH 7.30). After dark adaptation, the lowest retinal pH may decrease to 7.15. 15 Thus, the acceptable pH for a healthy retina is considered to be about 7.2. Under the pathologic states, the lowest pH level retina can get is unknown. Owing to the embryological similarity between retina and cerebral cortex and the high aerobic glycolysis both tissues have, we used the moderate decrease of pH 6.5 present in the ischemic brain as the lowest experimental pH in the experiment 16 and pH 6.8 as the median.
Materials and methods

Retinal cultures
Acidic cultures
All animal procedures were performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Male Sprague-Dawley (SD) rats at postnatal day 14 were anesthetized and decapitated. The eyeballs were enucleated under sterile conditions and immersed in balanced salt solution on ice. The anterior segment and partial central vitreous body were removed and neural retinas were dissected. After introducing incisions in the shape of a Maltese cross to flatten out the retina tissues, the retina was transferred onto a Millicell-CM culture insert (0.4 mm, 30 mm, Millipore, Bedford, MA, USA) with the photoreceptor side down. The insert was placed in a 35-mm dish containing 1 ml of culture medium. A small amount of mediums was added onto the retinas to keep them wet without covering them. The medium comprised of Dulbecco's modified Eagle medium (DMEM) with 2% fetal bovine serum (Gibco BRL, Grand Island, NY, USA). For the experimental pH, the concentration of bicarbonate in the DMEM base was adjusted to 22 mM (pH 7.2), 9 mM (pH 6.8), and 4 mM (pH 6.5), respectively. Medium osmolarity was corrected by the addition of NaCl. Cultures were maintained at 371C, 95% air/5% CO 2 for 24 h. pH of the medium was measured using an ABL3 blood gas analyzer (Radiometer, Copenhagen, Denmark) and maintained within 0.05 of the targeted pH during the culture(data not shown).
Acidic cultures followed by pH reversion
To verify the modulation of VEGF and PEDF by retinal acidification, acidic cultures were followed by cultures with pH reversion back to the normal to observe the change of VEGF and PEDF. After 24 h of cultures with above different pHs, each medium was removed and retinas were rinsed with PBS two times; fresh pH 7.2 culture medium was added to each dish and cultures were continued for 24 h.
Acidic culture with antioxidants
To study the role of oxidative stress in the regulation of VEGF and PEDF mediated by retinal acidification, retinas were incubated in the mediums with above pHs with antioxidants consisting of N-acetyl-L-cysteine (5 mM), catalase (250 U/ml), and superoxide dismutase (100 U/ml) for 24 h. pH levels and osmolarity were corrected as described above.
Histology
To study the morphological changes of retinas caused by the organ culture, at 24 h after acidic culture, retinas were cut off together with membranes and fixed for 30 min by immersion in 4% paraformaldehyde, and then sandwiched between fresh liver tissues and fixation for 2 h. After being dehydrated with graded ethanols and embedded in paraffin, retinas were sectioned and collected on glass slides, stained with hematoxylin and eosin, and then observed by microscopy.
Quantitative real-time RT-PCR
Before culture and after acidic culture, acidic culture followed by pH reversion and acidic culture with antioxidants, respectively, retinas were processed for quantitative real-time reverse transcription-ploymerase chain reaction (RT-PCR). The total RNA was isolated from retinal tissues using Trizol reagent. Primers for VEGF, PEDF, and b-actin were designed (Primer Express Software; Applied Biosystems, Foster City, California, USA) as follows: VEGF primers were designed to identify all the isoforms of VEGF mRNA. RT reaction used 3 mg total RNA, 0.5 mg oligo-dT primer, and 1 ml MMLV reverse transcriptase in a final volume of 20 ml and was conducted at 371C for 60 min, followed by a denaturation at 951C for 5 min. The real-time PCR used 1 ml of the RT product and 0.5 mM of primers and was performed using a GeneAmp RNA PCR kit and SYBR Green PCR Master Mix (Applied Biosystems). The PCR mix was denatured at 951C for 5 min, followed by 35 cycles of denaturation at 951C for 10 s, annealing at 571C for 15 s, and extension at 721C for 20 s. Fluorescence changes were monitored after each cycle. The relative cDNA concentrations were determined by a standard curve using sequential dilutions of the PCR fragments. The VEGF and PEDF mRNA levels were normalized by b-actin mRNA levels.
Western blot analysis
Retinas after acidic culture, acidic culture followed by pH reversion and acidic culture with antioxidants, respectively, were processed for western blot. The retinas were homogenized in a lysis buffer and centrifuged at 41C for 10 min. 
Statistical analysis
Statistical analysis used the one-way ANOVA. Statistical difference was considered significant at a P-value o0.05.
Results
Histology
At day 15 after birth, the rat retinas had basically differentiated morphology. After 24 h of organ culture with air-medium interface, the architecture of retinas in the medium with pH 7.2 or 6.8 appeared normal; however, that with pH 6.5 showed apparent swelling and vacuolation of some cells in the inner nuclear layer (Figure 1 ).
VEGF and PEDF levels after acidic culture
At 24 h after acidic culture, VEGF and PEDF mRNA in the retinas of pH 7.2 were not different than the intact retinas. VEGF mRNA levels were significantly increased in the retinas of pH 6.8 and 6.5 compared with that of pH 7.2. pH 6.5 was more intensive in the induction than pH 6.8 ( Figure 2a) ; PEDF mRNA was significantly increased in the retinas of pH 6.5 compared with that of pH 7. VEGF and PEDF levels after acidic cultures followed by pH reversion
When acidic mediums were returned to normal pH, the increased VEGF (Figure 3a ) and PEDF ( Figure 3b ) mRNA levels recovered and the increased VEGF ( Figure 3c ) and PEDF (Figure 3d ) protein reduced.
Effects of antioxidants on VEGF and PEDF levels under acidic culture
Antioxidants completely inhibited the increased VEGF mRNA in the retinas of pH 6.8. At pH 6.5, although the Eye induction of VEGF mRNA was largely reduced, it was still significantly higher than that at pH 7.2 ( Figure 4a ). Antioxidants had not prevented the increased PEDF mRNA; on the contrary, further increased PEDF mRNA (Figure 4b ). Antioxidants completely inhibited the increased VEGF protein in the retinas of pH 6.8, and reduced it in the retinas of pH 6.5, consistent with their mRNA (Figure 4c ). PEDF protein was increased in acidic retinas by antioxidants (Figure 4d ).
Discussion
Multiple retinal cell types make VEGF, including ganglion, Mü ller, and retinal pigment epithelium cells. Since the retinal pigment epithelia are nourished by the rich choroidal circulation, they are seldom impaired by hypoxia and acidosis, thus their role in the production of VEGF was ruled out in the present experiment. 17 Although study reported decreased VEGF protein secreted by retinal Mü ller cells in the culture medium with low pH (7.0) compared with that with normal pH (7.4), 13 we found that the production of VEGF mRNA and protein was elevated in the retinal explants by organ culture under acidic conditions. The organ culture of neonatal retina, in contrast to culture of dissociated retinal cells, has the advantage of retaining cell-cell contacts and interactions among different cell populations, and has become an ideal choice for in vitro studies on biochemical and metabolic alterations. It is thus possible that the diverse results are obtained from the different approaches.
Although acidosis often follows the onset of hypoxia, study has shown that hypoxia and acidosis can independently upregulate VEGF transcription in brain tumours. 10 We also revealed in the experiment that the increased production of VEGF induced by retinal acidification is without hypoxia. The thickness of tissue slice in organ culture with air-medium interface is required to be o400 mm. [18] [19] [20] It is reported that the thickness of adult SD retina is about 170 mm, 21 which meets the requirement for organ culture, let alone the neonatal retina. When the neonatal retinas were flattened onto the semiporous membrane of Millicell-CM culture insert and remained at the air-medium interface, they obtained oxygen from above and medium from below to maintain the architecture, which was shown by the intact histology of the retinal explants (pH 7.2 or 6.8). The swelling and vacuolation of cells in the inner nuclear layer of the retinas of pH 6.5 may be caused by tissue acidification, not because of the organ culture method.
It is widely accepted that hypoxic induction of VEGF is through activation of hypoxia-inducible factor-1. However, the increased VEGF production by acidosis was reported to result from the activation of nuclear factor-kB and activator protein-1, 11, 22 which bind to the VEGF promoter. This indicates that acidosis may play a separate role in the pathogenesis of diabetic retinopathy. Although hypoxia may develop in the early diabetic retinopathy, 23 the extraordinarily high rate of glycolysis in the diabetic retina and the sequent accumulation of lactic acid and H þ may predominantly contribute to the acidic condition independent of hypoxia. 24 Consequently, the combined effects on the production of VEGF in these two ways may result in the increased vascular permeability and make the diabetic retina more susceptible to retinal neovascularization.
Acidosis can result in oxidative stress by generation of reactive oxygen species (ROS). Studies have shown that increased ROS could upregulate VEGF in retina and macrophages. 25, 26 In this study, after retinas were incubated with antioxidants, the increased VEGF by mild acidification was completely inhibited; however, that produced by severe acidification, although was reduced to a great extent, was still higher than the normal. This reveals that, besides through oxidative stress, the mechanisms of increased production of VEGF by retinal acidification may include other factors, which is dependent on the severity of acidification. On the other hand, because we did not measure the production of ROS between each group, the still increased VEGF may be caused by more ROS production induced by severe acidification than that by mild acidification, which may not be removed completely by antioxidants.
VEGF and PEDF are both modulated by hypoxia. In contrast to VEGF, hypoxia decreases PEDF expression. PEDF loss was detected in the neovascularized ocular diseases, for example diabetic retinopathy and agerelated macular degeneration. 27 In this study, retinal acidification could increase production of PEDF mRNA and protein. When antioxidants were added and ROS was removed, PEDF was further increased. This means that the increased PEDF by acidification was not induced by oxidative stress; on the contrary, oxidative stress may inhibit PEDF expression in acidic condition. The mechanisms of induced PEDF by retinal acidification are unknown or may be protective to counteract the effects of increased VEGF.
It is well known that most ischemic retinal neovascularization models closely resemble ROP and are present in mice, but not in rats. Some ascribed this to the stable regulation of PEDF in hyperoxia-treated SD rats. 28 In addition, experimental diabetic rats showed a loss of pericytes and thickening of the basement membrane of the retinal vessels, similar to the early morphological changes in human diabetic retinopathy, but never develop proliferative retinopathy. Recently, upregulated PEDF was reported in the spontaneously diabetic Torii rats, which was supposed to contribute to the scarcity of the retinal neovascularization. 29 This study found that retinal acidification could increase the production of PEDF in SD rats, which may help to produce the low incidence of retinal neovascularization in SD rats. It is not identified whether the increased PEDF is determined by the characteristic species. Similar retinal structure and vascular network between rat and human make rat suitable to experiments for human retinal diseases. However, because of the difference between organ culture and in vivo experiment, results from this study are of limited usefulness to human retinal diseases. Despite increased VEGF and decreased PEDF found in the proliferative tissues of patients with hypoxic retinal diseases, the effects of retinal acidosis per se on the human tissues need further investigation.
